Abstract-The root-mean-square (rms) output voltage of the National Institute of Standards and Technology (NIST) Josephson arbitrary waveform synthesizer (JAWS) has been doubled from 1 V to a record 2 V by combining two new 1 V chips on a cryocooler. This higher voltage will improve calibrations of ac thermal voltage converters and precision voltage measurements that require state-of-the-art quantum accuracy, stability, and signal-to-noise ratio. We achieved this increase in output voltage by using four on-chip Wilkinson dividers and eight inner/outer dc blocks, which enable biasing of eight Josephson junction (JJ) arrays with highspeed inputs from only four high-speed pulse generator channels. This approach halves the number of pulse generator channels required in future JAWS systems. We also implemented on-chip superconducting interconnects between JJ arrays, which reduces systematic errors and enables a new modular chip package. Finally, we demonstrate a new technique for measuring and visualizing the operating current range that reduces the measurement time by almost two orders of magnitude and reveals the relationship between distortion in the output spectrum and output pulse sequence errors.
of microwave dividers. Dividers with modest bandwidth are sufficient because PJVSs use a single-frequency bias.
The Josephson arbitrary waveform synthesizer (JAWS) [5] , which is also known as the ac Josephson voltage standard (ACJVS), does not use a single-frequency microwave bias. Instead, the JJ arrays are driven by current pulses with a repetition rate of about 15 × 10 9 pulses/s (e.g., [6] or [7] ). A timedependent output voltage with exactly calculable voltage and harmonic spectrum is created by ensuring that every JJ generates a known number of quantized voltage output pulses, usually one pulse, for every bias pulse of the high-speed input [8] .
Since the long patterns of bias pulses that are used to synthesize low-frequency (< 1 MHz) waveforms have Fourier components spread over a wide bandwidth, the high-speed connection between the JJ arrays and the pulse generator channels must also have a wide bandwidth to ensure that the pulse waveform bias is not distorted. In the past, this broadband requirement was achieved by directly connecting each JJ array to a single dedicated channel of a high-speed pulse generator, with minimal off-chip and on-chip microwave components. This approach of using one channel per array has been used in all previous JAWS systems for the past 20 years, including the most recent systems with an rms output voltage of 1 V that used one chip with four arrays [9] , [10] and four chips with eight arrays [11] .
Each high-speed channel also requires a coaxial connection between the room-temperature pulse generator output channel and the cryogenic on-chip coplanar waveguide (CPW) launch. While it is technically possible to achieve a higher output voltage using additional high-speed input lines to bias additional arrays, the required electronics and cryogenic engineering quickly become complex and cost prohibitive.
In this paper, we double the rms output voltage of the JAWS system to 2 V by following the approach used with PJVS systems and implementing, for the first time in a pulse-driven system, broadband on-chip Wilkinson dividers and inner/outer dc blocks to distribute pulses from single high-speed input lines to pairs of JJ arrays. This 2 V JAWS system uses two chips mounted on a cryocooler at 4.3 K with a total of eight JJ arrays driven by four high-speed pulse channels, as shown in Fig. 1 . The eight-array system has a collective operating current range of 1.6 mA at 2 V and 1 kHz. For comparison, the previous National Institute of Standards and Technology (NIST) 1 V system had an operating current range of 2.1 mA [10] , which shows that the new on-chip microwave components cause only a small reduction in the operating current range. We have also implemented on-chip superconducting interconnects between the four arrays of each chip, simplified the cryogenic packaging and low-speed bias interconnects, and introduced a new faster method for measuring and visualizing the distortionfree operating current range of the JAWS system.
II. ADVANCES IN ON-CHIP CIRCUITS
The NIST 1 V JAWS chip with Wilkinson dividers is shown in Fig. 2 . The Wilkinson dividers used in the NIST PJVS system have a designed center frequency of 20 GHz and a −10 dB isolation bandwidth of around 15 GHz [2] , [12] . In comparison, the Wilkinson dividers for the JAWS system have a higher designed center frequency of 26 GHz and the same approximate 15 GHz isolation bandwidth. The large bandwidth and high center frequency are essential for the JAWS circuit because the design maximizes the input pulse power that passes through the divider, which minimizes the pulse-pattern-dependent variations in the high-frequency bias that reaches the JJ arrays. In addition, the Wilkinson dividers evenly divide out-of-band signals because the output loads, namely, the two JJ arrays, are symmetric to within the fabrication tolerances. The isolation between arrays and the power coupled into the arrays both decrease outside of the designed bandwidth [13] . As in PJVS circuits, adding the JJ array voltages in series requires that the arrays are electrically floating relative to each other. Previous 1 V JAWS chips used room-temperature inner/outer dc blocks to isolate the JJ arrays [9] [10] [11] . This approach is incompatible with on-chip Wilkinson dividers because the arrays must be isolated after the divider. In the PJVS circuits, this is accomplished using an on-chip inner dc block on both the input of each pair of JJ arrays (immediately after a Wilkinson divider) and the output of each JJ array (immediately before the resistive microwave termination).
For the JAWS circuit, we isolated the JJ arrays by fabricating inner/outer dc blocks between the output of the Wilkinson divider and the JJ array (see Fig. 2 ). These blocks replace the room-temperature blocks used in the earlier JAWS systems. They also provide significantly improved isolation, with inner/outer blocking capacitance of 6.5 pF and 14 pF, respectively, for the new on-chip blocking capacitors versus 500 nF and 5 nF for the room-temperature dc block component. These parameters effectively result in on-chip high-pass filtering with a 3 dB point of 380 MHz. This filtering has the potential to affect the shape of some pulses; however, the pulses are fast enough that nearly all of the pulse power is above 500 MHz.
Thus, the on-chip blocks should minimally affect the pulses. As in earlier JAWS systems, the highest output voltages require that each JJ array be also biased with a floating low-frequency current to compensate for the low-frequency signal that is removed with the high-pass filter [6] .
We have modified the JJ array design from that in the previous 1 V JAWS design [9] , [10] . Instead of 6 400 stacks of two self-shunted JJs per array (a total of 12 800 JJs per array), we now use 4 270 stacks of three self-shunted JJs per array (a total of 12 810 JJs per array). These JJ arrays have a minimum critical current I c between 10.5 and 12.0 mA at 4.2 K, and the impedance-tapered CPWs are terminated with 21 Ω resistors. Each JJ has an area of 56 μm 2 and an average junction resistance of 4 mΩ. A detailed description of the fabrication is presented elsewhere [14] [15] [16] .
As a final improvement to the on-chip circuit, we replaced with on-chip superconducting interconnects all three of the offchip hand-soldered copper jumper wires that were previously used for connecting in series the voltage outputs of the four arrays. As in [6] , [9] , [10] , and [17] , it is necessary to have onchip spiral inductors near the connection between the JJ array and the interconnect (see Fig. 2 ). This series of inductors, with a total inductance of around 60 nH, acts as a low-pass filter and ensures that the majority of the high-frequency current bias signal remains to bias the JJ array, while transmitting the lower frequency (< 100 MHz) output voltage. Compared with the previous copper wires, the superconducting interconnects reduce the inductance and resistance of the connection. This reduces sources of error associated with undesirable currents in the voltage leads, which is important because parasitic capacitances, leakage resistances, and other nonideal circuit components typically produce small ac currents that can flow through the voltage leads [18] [19] [20] .
III. TWO-VOLT JAWS SYSTEM
We integrated two of the new 1 V chip packages onto a cryocooler (see Fig. 1 ) and connected them in series to generate quantum-accurate waveforms with an rms magnitude of 2 V. A single chip is mounted in a cryogenic package as described in [9] and [10] . As a consequence of the aforementioned new on-chip microwave components and superconducting interconnects, we have significantly improved the modularity of the cryopackage and simplified the printed circuit board (PCB). The new chip and surrounding package are shown in Fig. 3 . In comparison with [9] and [10] , implementation of the Wilkinson dividers has halved the number of high-speed connections required to bias the four on-chip arrays so that only two SubMiniature version A (SMA) connectors are required per 1 V JAWS package.
We use the rest of the PCB to improve the modularity of the system by adding a compact 30-pin cryogenic-compatible connector. The low-frequency signal leads, specifically the current biases for each array and three identical pairs of leads for the total JAWS output voltage, are all wire bonded from the chip to the PCB. Traces on the PCB take these signals to the connector. Finally, twisted pairs of wires from room temperature are attached to another small interposer PCB with the opposite gender connector [observable in Fig. 1(b) ], creating a connection to room temperature for all of the low-frequency biases and the voltage outputs. This connector has been tested in the NIST PVJS packages for the past two years and does not increase the PJVS system leakage resistance [21] . It also does not significantly increase the stray admittance above that already present in the twisted pairs of wires.
To produce the 2 V rms output voltage with this JAWS system, we mounted two of these packages on a cryocooler and connected the output voltage leads of the two packages in series (see Fig. 1 ). Liquid helium is expensive and can be difficult or impossible to obtain for some laboratories, thus generating 2 V on a cryocooler is an important step toward creating a user-friendly JAWS system. Details of the cryocooled system are described in [22] [23] [24] and will be discussed in more detail elsewhere. The two chips are connected in series at cryogenic temperatures with a copper jumper wire between the two interposer PCBs. The cryocooler has a base temperature of 2.8 K, but is temperature controlled at 4.3 K.
The 2 V JAWS system uses custom large-memory pulse generators to generate large amplitude current pulses that drive the JJ arrays at a rate of 14.4 × 10 9 pulses/s [6] . The output pulse power for each pulse generator channel was doubled in order to properly bias the two arrays connected to each Wilkinson divider. Each pair of pulse generator outputs has six parameters that are used to tune the high-frequency bias: the magnitude and phase of one single-frequency generator per output, the magnitude of a stream of bits, and the relative phase between the bits and the low-frequency compensation. We also individually control the amplitude of the low-frequency current compensation bias for each array, resulting in a total of ten tuning parameters per chip, as well as a dither current that is used to measure the operating current range.
IV. TWO-VOLT JAWS OPERATING CURRENT RANGE
We synthesized a 1 kHz sine wave with an rms magnitude of 2 V and determined that the system had an operating current range of 1.6 mA. We measured the operating current range using a faster version of the standard approach [6] , [9] , [25] [26] [27] [28] of determining the range of dc dither current that does not change the total harmonic distortion (THD), i.e., the "flat spot." The THD is measured using a sensitive digitizer by summing the power in the first 20 harmonics of the synthesized sine wave. Increasing the measurement speed is particularly important for computer-controlled optimization of system parameters and for characterizing synthesized waveforms at frequencies above 100 kHz. Computer-controlled optimization depends on quickly measuring a large number of parameter configurations. There is a ±0.75 mA dither current applied during the 40 ms of data used to generate the FFT, that is, between the blue lines in (b) and (c) that indicate the JAWS operating current range. In (b), we plot THD versus dither offset current showing the 1.6 mA operating current range. In (c), we use the same data as in (b) and plot the voltage residuals of a fit to a sinusoid (color) versus dither offset current (y-axis) and waveform period (x-axis), which highlights the pulse sequences at 0.25, 0.6, and 0.9 periods that limit the operating current range.
A measurement of an "operating range" is intended to show that a JAWS system is quantum accurate and that it is stable. That is, it quantifies whether every JJ can create one output voltage pulse per input current pulse despite changes in the electrical or physical environments (for example, changes in the output load or unintentional changes in the bias that reaches the JJ arrays). The standard technique used while developing the JAWS system has been to measure the "operating current range," which is the range of dc dither current that can be applied to the JJ arrays without creating an error where at least one input pulse in the pattern causes at least one JJ to produce the wrong number of output pulses. If such an error occurs, then the waveform is no longer quantum accurate. Detailed comparisons between different Josephson voltage standard circuits and systems typically examine in more detail the effect of changing other system parameters [29] [30] [31] [32] .
The dc dither current is particularly relevant for characterizing a JAWS system because small stray bias currents can be introduced by changes in the system configuration (grounding, different devices under test, etc.). More specifically, the JAWS system must be able to handle the transition from the measurement device used to determine the operating margins, usually a sensitive digitizer, to the device under test, such as a thermal converter with a lower input impedance. These connections can induce dc and ac currents in the JJ arrays that must not introduce errors which would result in an output waveform that is not quantum accurate.
The dc dither current affects the high-frequency pulse response because of the large nonlinearity of the JJs. At sufficiently large positive and negative dc currents, some input current pulses will generate an extra output pulse or not generate any output pulse. These extra or absent output pulses will cause the output voltage to deviate from the desired output waveform and will also create distortion.
The standard technique for determining the operating current range involves measuring the THD as a function of offset current [see Fig. 4(b) , for example] instead of directly measuring extra or absent output pulses. The combination of the 70 ps pulse length and a magnitude less than 100 μV for individual JJ pulses makes directly measuring missing or extra pulses unfeasible. Instead, we use a low-frequency digitizer (the NI-5922
1 with a maximum sample rate of 15 MS/s) to sensitively compare the desired output waveform with the measured waveform. This technique focuses on detecting the distortion created by the extra or absent output pulses.
The sensitivity of the technique is limited by the nonlinearities and noise floor of the digitizer. In particular, the nonlinearities of the digitizer amplifier and analog-to-digital convertor create harmonics in the measured spectrum. These measurement artifacts depend on both the magnitude of the output voltage and the digitizer calibration. When measuring a sinusoidal output voltage with an rms magnitude of 1 V, the inherent digitizer nonlinearities typically produce harmonics that are −118 dBc (dB below the carrier/fundamental tone), whereas the accompanying noise floor is −138 dBc (see [9] for typical spectra). For comparison, a fast Fourier transform (FFT) of the designed pulse pattern shows that the JAWS output harmonics should be on the order of −180 dBc at frequencies below 2 MHz [33] , [34] . This is 40 dB below the noise floor of the digitizer and 60 dB below the harmonics created by the digitizer nonlinearities.
Since the digitizer introduces a large background compared with the signal at the harmonic frequencies, it is not possible to determine whether the system is operating correctly just by looking at a single measurement of the THD. Instead, we first confirm that the magnitude of the measured THD is consistent with the expected digitizer background. Then, we vary a control parameter, in this case, the dc dither current, and determine the range of parameter settings over which the THD does not increase. The THD starts to increase when there are enough extra or missing pulses that the resulting distortion is visible despite the digitizer background. Therefore, the measured operating current range is only an upper limit, and improvements in the measurement signal-to-noise ratio would likely result in a decrease in the measured operating range.
We used this technique to determine the operating current range of the 2 V JAWS system, and we have increased the measurement speed relative to previous measurements [9] , [10] . The applied dither current is a 7 Hz triangle wave with 3 mA peak-to-peak amplitude. Since the triangle wave frequency is much less than the pattern frequency, the offset current is approximately constant during each pattern period. We can therefore calculate the THD of each period of the pattern and plot the THD, that is, the sum of the power in the first 20 harmonics, as a function of the average dc-offset current during the period [see Fig. 4(b) ].
From Fig. 4 , we observe a range of 1.6 mA over which the THD is independent of the bias current. Beyond this range, the THD begins to increase as extra or absent pulses create measurable distortion. We confirm this operating current range by plotting an FFT of the measured output waveform over the full 1.6 mA operating current range [see Fig. 4(a) ; the FFT uses the data between the blue lines in Fig. 4(b) and (c)]. We observe harmonics with a maximum magnitude of −144 dBm (−120 dBc) and noise of −168 dBm (−144 dBc), consistent with the expected digitizer performance.
This measurement of the operating current range is faster than previous methods with, in this case, approximately seven measurements per second. The signal-to-noise ratio is controlled by the required offset current resolution and the measurement time. This is an improvement of almost two orders of magnitude over early measurements that used 10 s per measurement [9] , [10] . The tradeoff between speed and precision is particularly important when trying to implement algorithmic optimization of the drive parameters to maximize the operating current range. There are ten, highly coupled, bias parameters per chip; thus, the optimization problem requires a large number of iterations in order to converge. Being able to quickly measure the effect of changing the tuning parameters increases the feasibility of computer-controlled optimization [28] .
We also individually measured the two chips while immersed in liquid helium and observed respective operating current ranges of 2.8 and 2.6 mA while synthesizing 1 kHz sine waves with rms magnitudes of 1 V. We typically observe larger operating current ranges when operating JAWS circuits in liquid helium than we do when operating them on a cryocooler. We suppose that the larger ranges result from the larger heat capacity of the liquid helium reservoir enabling better thermal stability of the JAWS circuit [22] [23] [24] .
V. VISUALIZATION OF JAWS OPERATION
We have developed a new way of visualizing the operating current range that combines the increased measurement speed described earlier with an emphasis on the connection between output waveform distortion and input pulse sequences that generate incorrect numbers of pulses, that is, sequences that result in extra or missing pulses [see Fig. 4(c) ]. In the future, improving our understanding of difficult pulse sequences may lead to new methods for optimizing bias parameters or to changes in the delta-sigma algorithm [34] in order to avoid these sequences. This approach will be also useful when evaluating the performance of the system with nonsinusoidal waveforms. Instead of concentrating on THD, we would directly look at deviations from the calculated waveform.
Using the same digitized waveform that we used to calculate the operating current margins in the previous section, we plot the relationship in the time domain between the input pulse pattern and the output distortion as a function of the offset current. In Fig. 4(c) , we make a logarithmic density plot of the residuals (color) of a fit to a 1 kHz sine wave as a function of time in units of pattern period (x-axis) and offset current (y-axis). The sine wave fit was accomplished by using the 1 kHz component of an FFT of the data. In this density plot, distortion is directly observable in the residuals. The operating current range is the vertical region where each horizontal slice of residuals has a small magnitude (light red, white, or light blue noise in the density plot). This density plot is similar to analog oscilloscope measurements of the swept current-voltage characteristics of the JJ arrays [10] , but with improved sampling rate, sensitivity, and programmability.
As with analog oscilloscope visualizations [10] , this plot visually highlights the specific input pulse sequences that do not produce the correct output voltage pulses, observed at the upper and lower edges in Fig. 4(c) . In this case, the sequence of pulses near 0.25 fraction of a period is no longer correctly produced when under a negative dc offset current of −0.8 mA, whereas the pulse sequences at 0.6 and 0.9 fractions of a periods are incorrect under a positive dc offset current of 0.8 mA. The maximum current range between these boundaries determines the total JAWS operating current range of 1.6 mA. As expected, this is the same value as determined from measuring the THD. We also observe the distortion introduced by the nonlinearities in the digitizer, that is, the noisy vertical red or blue striped bands that are independent of offset current. This is exactly the same distortion that produced the harmonics in the spectrum in Fig. 4(a) with a maximum magnitude of −120 dBc.
In practice, if a particular finite pulse sequence limits the operating current range (for example, the vertical spurs of distortion observed at 0.6 and 0.9 fractions of a period and −0.8 mA offset), it is often possible to reduce the distortion and increase the operating range by tuning the pulse generator bias parameters. It is worth noting that even an error in a very short pulse sequence (a narrow region of distortion) is unacceptable for accurate JAWS operation. In that region, the JJ arrays are no longer generating the correct number of output pulses per input current pulse, and therefore, the exact output voltage is not calculable. Even if the distortion appears stable and relatively insensitive to the dc current offset, the output waveform is still not quantum accurate.
VI. CONCLUSION
In conclusion, we have shown that on-chip superconducting Wilkinson dividers combined with on-chip inner/outer dc blocks can be used to drive a pair of JJ arrays with a single pulse generator output channel. This is analogous to the way that the PJVS uses Wilkinson dividers to split a single-frequency microwave signal between multiple arrays. For each JAWS chip, we sum the voltages of the four JJ arrays at low frequency using on-chip superconducting interconnects. These improvements enabled the development of a simplified cryopackage and interface PCBs for making electrical connections to the on-chip superconducting circuits.
We verified the performance of these microwave structures by creating a 2 V JAWS system operating on a cryocooler at 4.3 K, and we demonstrated a 1.6 mA operating current range. We also introduced a new way of visualizing the operating range that more critically optimizes and reveals the JAWS performance. These measurements demonstrated that our improvements did not degrade the system performance, and, in fact, allowed us to double the maximum output voltage of the JAWS system with an acceptable 0.5 mA reduction in the operating current margins.
We anticipate that this approach of increasing the JAWS output voltage by increasing the complexity of the on-chip microwave circuits will continue to enable higher voltages in the future by using multiple stages of Wilkinson divider circuits in the high-speed bias path. This ability to generate larger distortion-free arbitrary waveforms with quantumaccurate voltage will enable new applications for high precision ac calibrations using the JAWS system. 
